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PAPFR  NO.  23 


AEROSOL  PARTICLE  SIZE  AS  A FACTOR  IN  PULMONARY  TOXICITY* 

R.  F.  Plialcn 
and 

O.  C.  Raabe 

Lovelace  Foundation  for  Medical  Lducation  anti  Research 
Alburquerque,  New  Mexico 


"Indeed,  for  a given  magnitude  of  atmospheric  exposure 
to  a potentially  toxic  particulate  contaminant,  the 
resulting  hazard  can  range  all  the  way  from  an  insigni- 
ficant level  to  one  of  great  danger,  depending  upon  the 
size  of  the  inhaled  particles  and  other  factors  that  de- 
termine their  fate  in  the  respiratory  system.  " 
llieodore  Hatch  and  Paul  Gross  from  the  introduction 
in  Pulmonaiw  Deposition  and  Retention  of  Inhaled 
Aerosols.  Academic  Press,  N,  Y.  1974.  pg.  2. 


INTRODUCTION 

Hie  respiratory  tract  is  both  a portal  of  entry  and  a target  for  en- 
vironmental air  pollutants.  In  an  industrial  society  vast  numbers  of  people 
are  exposed  occupationally  and  more  generally,  environmentally,  to  a vari- 
ety of  dusts,  fumes  and  other  aerosols  which  may  produce  lung  disease. 
Particulate  toxic  agents  include  asbestos,  silica,  metal  fumes,  infectious 
agents,  acid  mists,  fibrous  glass,  and  in  the  nuclear  industry,  radioactive 
aerosols.  Important  considerations  in  assessing  inhalation  hazards  include 
the  biological  status  of  the  exposed  individual  and  the  chemical  and  physical 
characteristics  of  the  aerosol.  Factors  related  to  particle  size  that  influ- 
ence the  toxicity  of  inhaled  aerosols  in  humans  include  mass  per  particle, 
aerodynamic  behavior,  rate  of  dissolution  in  the  lung,  efficiency  of  uptake 
by  macrophages,  and  the  ability  of  particles  to  penetrate  biological  membranes. 


* Research  supported  by  the  National  Institute  of  Lnvironmental  I lealth  Sciences 
(NILIIS)  via  AFC  Contract  AT  (29 -2)~1013  with  Lovelace  Foundation. 
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AFKOSUIS 

An  aerosol  is  a relatively  stable  suspension  of  small,  solid  parti  - 
vies  or  liquid  droplets  in  a gas.  Only  a smooth,  spherical  particle  or 
droplet  can  be  conveniently  described  by  a unique  geometric  diameter. 

Since  aerosols  of  solids  rarely  consist  of  smooth,  spherical  particles, 
conventions  for  particle  diameters  are  defined  which  are  usually  based 
upon  available  measurement  techniques.  For  example,  the  size  of  a par- 
ticle ma>  he  described  in  terms  of  its  projected  area  diameter,  some  de- 
fined as  the  geometric  diameter  of  a circle  which  has  the  same  area  as  the 
two-dimensional  outline  of  the  particle  lying  on  a collection  surface.  Other 
conventions  for  describing  physical  size  can  Ik4  based  on  measurements  of 
scattered  light,  surface  area,  electrical  mobility  or  other  physical  or  chem- 
ical phenomena.  Methods  for  physical  sizing  of  aerosols  have  been  discus- 
sed by  Raabe  <ll>70)  and  by  Mercer  (J973K 

Because  important  inertial  properties  of  particles,  such  as  settling 
speed  or  ability  to  turn  corners  in  a moving  air  stream,  depend  on  factors 
such  as  density  and  shape  in  addition  to  physical  size,  it  is  often  useful  to 
describe  particles  in  terms  of  an  aerodynamic  (equivalent)  diameter.  The 
aerodynamic  (equivalent)  diameter  which  is  usually  used  in  inhalation  toxi- 
cology is  the  geometric  diameter  of  a spherical  particle  of  unit  density 
material  ( » ~ l gm  enr ) which  has  the  same  settling  velocity  (in  still  air) 
as  the  particle  being  described.  Fwo  particles  having  markedly  different 
densities  or  shapes  may  van  considerably  in  physical  diameter  but  have 
the  same  aerodynamic  diameter. 

1 or  particles  larger  than  about  0.5  micrometer  (4m)  in  physical 
diameter  where  inertial  and  gravitational  forces  dominate  particle  motion, 
the  aerodynamic  diameter  can  be  used  to  predict  particle  deposition  in  the 
respirator}  true'.  Below  about  0.5  4m  the  particle  size  is  approaching  the 
mean -free -pa ill  between  collisions  of  air  molecules,  and  diffusional  forces 
tend  to  dominate  the  panicle  morion  and  the  physical  diameter  of  the  par- 
ticle correlates  more  closely  with  aerodynamic  behavior,  and  should  be 
used  when  considering  particle  motion. 

Since  individual  particles  in  a given  aerosol  usually  vary  widely  in 
size,  statistical  descriptions  are  often  used  to  describe  aerosols.  For 
example,  aerosol  size  distributions  may  be  described  by  a mean  physical 
or  aerodynamic  diameter  and  the  associated  standard  deviation  (or  by  a 
median  diameter  and  geometric  standard  deviation). 
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IMilALlil)  PARTI  CLL  I )l*  POSITION  AND  CLLARANCL 

Inhaled  particles  may  deposit  on  the  various  surfaces  of  the  respir 
atory  tract.  The  Task  Group  on  Lung  Dynamics  of  she  International  Com- 
mission on  Radiological  Protection  has  proposed  a general  model  useful  in 
estimating  the  potential  hazards  associated  with  inhaled  aerosols  (Task 
Group  on  Lung  Dynamics,  1966).  This  model  includes  estimates  of  both 
the  fractional  deposition  of  inhaled  particles  wirii  respect  to  aerodynamic 
size,  and  clearance  of  deposited  particles  from  the  respiratory  tract  with 
respect  to  deposition  region  and  basic  particle  properties.  Hie  model 
divides  the  respiratory  tract  into  three  regions  based  upon  anatomical  fea- 
tures and  particle  deposition  and  clearance  phenomena.  Die  regions, 
called  (a)  the  nasopharynx  (NP),  (b)  the  tracheobronchial  region  (TB)  and 
(c)  the  pulmonary  or  parenchymal  region  (P),  are  referred  to  in  Figure  1. 


COMPARTMENT 


DEPOSITION 


CLEARANCE 


PATHOLOGY 


impaction 

Muco-ciliary 

ihflaiatidn 

NP 

diffusion 

(minutes) 

ulceration 

Nasal  Pharyngeal 

interception 

sneering 

cancer 

electrostatic 

blowing 

inpaction 

muco-ciliary 

broncho-spasm 

TB 

sedimentation 

(hours,  longer?) 

obstruction 

Tracheobronchial 

diffusion 

coughing 

cancer 

interception 

solubilization 

inflamation 

sedimentation 

phagocytosis 

edema 

P 

diffusion 

interstitial 

emphysema 

Parenchymal 

interception 

(hoirs  to  years) 

fibrosis 



cancer 

■;  ■ 


Figure  1.  Compart  mental  model  of  the  respiratory  tract  as  used  by  the 
Task  Group  on  Lung  Dynamics  of  the  1CRP  (1966)  with  the  airways  from 
nose  to  larynx  in  the  NP  (nasopharyngeal)  region,  the  trachea  and  ciliated 
bronchi  and  bronchioles  in  Ihe  (tracheobronchial)  region  and  the  nonciliated 
bronchioles,  alveolar  ducts,  alveolar  sacs,  atria  and  alveoli  in  the  P 
(parenchymal  or  pulmonary)  region.  The  types  of  particle  deposition, 
clearance  and  potential  pathology'  are  summarized  for  each. 
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Hie  nasopharynx  (NT)  begins  ai  the  anterior  nares  and  includes  the 
respiratory  airway  down  to  the  level  of  the  larynx.  I 'article  deposition  in 
this  region  is  primarily  limited  to  the  larger  particles  whose  inertial  pro- 
perties cause  impaction  in  the  nasal  passages  or  entrapment  by  nasal  hairs. 
Two  pathways,  both  having  a half-time  of  4 minutes,  are  used  by  the  Task 
Group  to  describe  the  clearance  of  particles  which  deposit  in  the  NT  com- 
partment. Hie  first  describes  uptake  of  relatively  soluble  material  into  the 
blood,  while  the  second  represents  physical  clearance  by  muco-ciliary  trails 
port  to  the  throat  for  subsequent  swallowing. 


Experimental  data  indicate  that  the  anterior  one-third  of  the  nose, 
where  S0-£  of  7 pm  particles  deposit,  does  not  clear  except  by  blowing, 
wiping  or  taller  extrinsic  means  (Walsh,  1970:  Proctor.  J971)  and  effective 
removal  of  insoluble  particles  may  require  one  to  two  days.  Hie  posterior 
portions  of  the  hose  have  mucociliary  clearance,  with  clearance  half-times 
of  alxiut  6-7  hour  < Morrow,  1972). 


Hie  tracheobronchial  region  (TB)  begins  at  the  larynx  and  includes 
the  trachea  and  the  ciliated  bronchial  ainvays  down  to  and  including  the 
terminal  bronchioles.  A relatively  small  fraction  of  all  sizes  of  particles 
which  pass  through  the  NP  region  will  deposit  in  the  tracheobronchial  region. 
'Hie  mechanisms  of  inertial  impaction  at  bifurcations,  sedimentation  and, 
for  small  particles,  Brownian  diffusion  cause  TB  deposition.  Interception 
can  be  an  important  deposition  mechanism  for  fibrous  dusts.  In  mouth 
breathing  of  aerosols,  such  as  in  cigarette  smoking,  the  benefits  of  the  col- 
lection of  larger  particles  in  the  nose  are  lost  and  these  larger  particles 
tend  to  deposit  in  the  TB  region  with  high  efficiency.  An  important  charac- 
teristic of  the  TB  region  in  the  Task  Group  model  is  that  this  region  is  both 
ciliated  and  equipped  widi  mucous  secreting  elements  so  that  clearance  of 


deposited  particles  rapidly  occurs  by  muco-ciliary  action  to  the  throat  for 
swallowing.  Again,  relatively  soluble  material  may  enter  the  systemic 
circulation. 

Hie  rate  of  mucous  movement  is  slowest  in  the  finer  airways  and 
increases  toward  the  trachea.  Since  particles  depositing  in  the  tracheo- 
bronchial tree  are  probably  distributed  differently  with  respect  to  size,  with 
smaller  particles  tending  to  deposit  deeper  in  the  lung,  one  expects  larger 
particles  to  clear  more  quickly.  Clearance  of  material  in  the  TB  compart- 
ment cannot  be  described  by  a single  rate.  TB  clearance  half-times  from 
experimental  studies  imply  that  the  larger  airways,  intermediate  airways 
and  finer  airways  clear  with  halftimes  of  about  0.5  hours,  2.5  hours  and 
5 hours,  respectively  (Morrow,  et  al.,  1967;  Morrow,  1972).  It  is  rela- 
tively certain  that  material  with  slow  dissolution  rates  in  die  TB  compart- 
ment will  not  persist  for  longer  than  about  24  hours  in  healthy  humans.  The 
detailed  nature  of  the  mucociliary  clearance  mechanism  has  been  recently 
reviewed  bv  Schlesinuer  (1975). 
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Hr-  third  compartment,  the  pulmonary  or  parenchymal  region  (P) 
represents  the  functional  gas  exchange  sites  of  the  lung.  It  includes  respi- 
ratory bronchioles,  alveolar  ducts,  alveolar  sacs,  atria,  and  alveoli.  For 
particles  to  reach  and  depos.  in  this  region  they  must  penetrate  the  NP  and 
TB  regions  on  inspiration  and  either  by  settling  or  diffusion  come  into  con- 
tact with  pulmonarv  surfaces.  Since  a portion  of  each  breath  remains  un- 
exhaled, the  times  available  for  deposition  may  he  long  for  some  particles. 
Smaller  particles  are  of  primary  importance  in  pulmonary  deposition. 
Clearance  from  the  pulmonary  region  is  not  completely  understood,  but  the 
Task  Group  suggests  several  mechanisms  including:  (a)  the  dissolution  of 
lelativelv  soluble  material  with  absorption  into  the  systemic  circulation, 

(b)  direct  passage  of  particles  into  the  blood,  (c)  phagocytosis  of  particles 
by  macrophages  with  translocation  to  the  ciliated  airways  and,  (d)  transfer 
of  particles  to  the  lymphatic  system  including  lymph  nodes. 

The  fate  of  particles  deposited  in  the  P compartment  is  strongly  de- 
pendent on  the  mechanical  stability  of  the  particles.  Particles  that  undergo 
significant  dissolution  in  the  fluids  found  in  the  lung  may  dissolve  while  sail 
within  the  air  spaces,  inside  phagocytes  or  while  in  interstitial  spaces.  The 
Task  Group  (1966)  recommended  the  use  of  three  clearance  half-times  of 
30  minutes,  90  days  and  360  days  for  readily,  intermediately  and  minimally 
soluble  materials,  respectively.  An  omitted  factor  in  this  clearance  model 
n^narticle  size  (the  late  of  dissolution  of  a material  in  biological  fluids 
being  dependent  on  the  available  surface  area  of  particles).  At  the  present 
time  clearance  rates  for  the  deep  lung  for  humans  are  not  known  for  many 
materials  and  the  rates  recommended  by  the  Task  Group  provide  a useful 
guide  in  the  absence  of  detailed  information. 


Ilie  relative  deposition  of  inhaled  particles  of  various  aerodynamic 
diameters  as  suggested  bv  the  Task  Group  for  a moderate  level  of  respi- 
ratory effort  is  shown  in  Figure  2,  'Hie  total  deposition  and  'he  fractional 
deposition  in  individual  compartments  are  shown.  'Hie  minimum  total  de- 
position at  about  0.5  gm  occurs  since  particles  of  this  size  are  not  strongly 
influenced  bv  either  inertial  or  diffusional  forces. 
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Figure  2.  'llte  deposition  fraction  of  inhaled  aerosols  of  various  individual 
particle  sizes  with  respect  to  aerodynamic  diameter  (fun)  in  the  modeled 
regions  of  the  human  respiratory  tract  (assuming  a respiratory  rate  of  15 
per  minute  and  a tidal  volume  of  1450  cms)  as  recommended  by  the  Task 
Group  on  l.ung  Dynamics  of  the  1CRP  (1966). 


TOXICITY  AND  PART1CI.F  SlZli 

Particle  size  influences  the  toxicity  of  inhaled  aerosols  for  a variety 
of  reasons:  (a)  particle  size  affects  the  mass  per  particle  and  might  there- 
fore be  expected  to  affect  potential  for  hazard:  (b)  as  described,  tiie  site  of 
deposition  within  the  respiratory  tract  as  well  as  the  clearance  partem  is, 
to  a great  extent,  influenced  by  aerodynamic  size:  (c)  smaller  particles 
have  larger  surface-to-mass  ratios  and  therefore  are  more  active  with 
respect  to  chemical  or  physical  interaction  and  rate  of  dissolution:  (d)  rate 
of  phagocytic  uptake  may  vary  with  particle  size:  and  (e)  particle  size  may 
influence  the  penetration  of  particles  through  membranes  of  the  lung. 

(a)  Particle  Mass 

Hie  total  mass  of  material  deposited  in  the  respiratory  tract 
is  usually  important  in  determining  the  potential  toxicity  for  an  inhaled 
aerosol.  Hence,  the  deposition  of  a few  particles  that  have  a large  mass 
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per  particle  mav  be  more  important  than  the  deposition  of  numerous  particles 
that  are  - ach  small  in  mass.  Iliis  faet  is  particularly  relevant  because  the 
inass  p ••  i article  for  aerosols  in  the  respirable  size  range  can  vary  over 
many  oj  rs  of  magnitude.  For  example,  since  the  mass  of  a spherical  par- 
ticle is  proportional  to  the  cube  of  the  geometric  diameter,  1000  particles  of 
0. 1 gm  diameter  must  be  deposited  in  the  lung  to  equal  the  mass  burden  from 
tite  depositi  on  of  bur  a single  1 jim  diameter  particle. 

When  particles  of  different  individual  masses  are  deposited  in 
the  respiratory  tract,  the  number  of  cells  which  each  directly  affects  may 
v'ii . significantly  wFh  respect  to  mass  per  particle  (depending  upon  the  mech- 
anism and  range  of  influence).  A given  amount  of  mass  deposited  in  the  res- 
pira-  '• . met  may  be  distributed  among  numerous  small  particles  or  among 
lev.  it  . ge  particles  and  the  effect  on  overall  toxicity  of  these  different  sit- 
iia  , may  not  be  readily  apparent.  These  considerations  are  probably  less 
impottant  for  rapidly  dissolved  material  that  is  in  the  particulate  state  only  a 
brief  time,  and  most,  important  for  material  that  is  resistant  to  dissolution  in 
the  lung. 

'liie  case  of  relatively  insoluble  radioactive  particles  of  alpha 
emitting  materials  deposited  in  the  pulmonary  region  provides  a timely  ex- 
ample. Since  the  major  direct  effect  oi  the  particles  on  the  surrounding  cells 
relates  to  the  alpha  emissions,  each  aerosol  particle  irradiates  a small  sur- 
rounding volume  of  the  lung,  it  can  be  argued  that  a given  mass  burden  in  the 
lung  distributed  among  a few  massive  particles  is  less  carcinogenic  because 
the  number  of  ceils  at  risk  is  limited  dnd  those  that  are  irradiated  may  in  fact 
be  over -irradiated  and  in  effect  sterilized,  preventing  development  of  neoplasia. 
On  the  other  hand*  it  can  also  be  argued  that  the  distribution  of  the  lung  burden 
in  larger  particles  is  more  hazardous  because  of  the  large  local  radiation  doses 
received  by  cells  surrounding  the  particles,  and  it  is  ess  hazardous  to  have 
smaller  radiation  doses  which  are  associated  with  smaller  particles  (even 
though  more  cells  are  irradiated),  'litis  so-called  ’’hot  particle”  question 
bears  on  the  environmental  impact  of  a riUclear  technology  and  is  currently 
being  studied  bv  many  investigators. 

. (b)  Acrodyna mic  Properties 

Types  of  solid  particles  that  can  be  identified  with  respect  to 
their  shape  and  concomitant  aerodynamic  character  include:  relatively  glob- 
ular particles  that  tend  to  approximate  spherical  shapes;  plate-like  or  flat 
particles;  long,  thin  particles  or  fibers;  and  clusters  or  agglomerates  of  par- 
ticles. For  relatively  spherical  particles  of  a given  aerodynamic  diameter, 
higher  density  particles  have  lower  total  mass.  Hollow,  dr  spongy  particles 
of  a homogeneous  material  will  therefore  have  more  mass  per  particle  for  a 
given  aerodynamic  size.  Differences  in  toxicity  with  respect  to  particle 
density  have  not  been  demonstrated. 


i|ji||||jjil|j!jj|;;:i|!,|l| Hill! I i w ‘i!!¥|llill|,|!l"  >|l-l. 


AMKI.-1  K-74-125 


Long,  thin  fibers  have  aerodynamic  ilia  meters  nearly  inde- 
pendent of  their  length  up  t* * a length -to -diameter  ratio  of  alx>ut  20  (Timbrell> 
l‘J72:  Mercer,  l v>7 3 >.  I or  this  reason  asbestos  fibers  containing  considerable 
mass  can  behave  like  smaller  parti  L-s  aerodynamically  and  penetrate  deeply 
into  the  lung.  'Hi is  effect  is  emphasized  by  the  many  cases  of  pulmonary 
asbestosis  from  the  asbestos  industry. 


A particularly  interesting  aerosol  in  industrial  toxicology,  the 
metal  fume,  e< 'trusts  of  chain -like  agglomerates  of  particles  smaller  than 
0.  1 gm  (Figure  '■)).  L.\L rente  toxicity  is  known  to  be  associated  with  the  in- 
halation of  metal  fumes.  'Ibis  may  be  due  to  the  relatively  large  surface 
area  associated  with  a given  mass  of  fume  aerosol.  The  aerodynamic  drag 
on  the  large  surfaces  of  fume  particles  allows  them  to  follow  airstreams  and 
escape  impaction  in  the  NP  and  I'll  compartments.  As  in  the  ease  of  the 
asbestos  fibers,  the  ability  of  metal  fume  particles  to  penetrate  to  the  deep 
lung  undoubtedly  contributes  to  their  hazard. 


(ci 


Surface  Area 


Two  categories  of  toxic  particulate  materials  can  be  identified 
with  respect  to  mechanism  of  toxicity.  Materials  such  as  asbestos  and  quartz 
that  are  hazardous  as  solid  particles,  appear  to  have  toxic  shape  or  surface 
characteristics,  hieumoconioses  in  general  are  caused  by  the  presence  of 
intact  particles*  Other  materials  like  Pb  and  Mn  probably  require  dissolution, 
or  at  least  some  form  of  transformation  from  the  original  particle,  in  order 
to  be  toxic  (Hatch  ant!  Cross,  1%4).  For  both  categories  of  particulate  mate- 
rials the  specific  surface,  or  surfacc-to-mass  ratio,  affects  their  toxicity'. 

'Jbc  surface -to -mass  ratio  for  smooth  spherical  particles  is  equal  to  6/ p IT, 
where  p is  the  physical  density  and  I)  the  geometric  diameter.  One  micrometer 
diameter  unit  density  particles  have  a specific  surface  of  6 nr  g,  while  0.01  gm 
particles  have  an  area  of  600  nr  g.  Ibe  increased  toxicity  of  finely  divided 
silica,  discussed  by  1 latch  and  Cross  (1%4),  appears  to  relate  to  increased 
surface  area.  The  mechanism  for  toxicity  appears  to  involve  a tissue  reaction 
to  the  panicle  surface. 


A model  for  dissolution  of  particles  in  the  I’  compartment  that 
correlates  well  with  experimental  data  on  deep  Jung  clearance  has  been  pro- 
posed by  Mercer  (1% 7).  Ibe  model  assumes  a rate  of  dissolution  that  is 
proportional  to  the  available  surface  area  of  the  particles.  I or  materials 
that  arc  toxic  when  dissolved,  increased  surface  area  tends  to  enhance  tox- 
icity. Ibe  dissolution  of  silver  particles  (mass  median  diameter  - 0.04  gm) 
in  various  aqueous  media  indicates  that  even  a so-called  "insoluble**  material 
can  undergo  rapid  dissolution  when  in  a finely  divided  state  (Figure  4). 
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Figure  3.  Electron  micrograph  of  a sample  of  a metal-fume  aerosol.  'JTie 
small,  s [Clerical  primary  particles,  silver  in  this  case,  cluster  to  form 
branched  chain -like  agglomerates.  Such  agglomerates  have  large  surfaee- 
to-mass  ratios,  can  remain  suspended  in  air  for  long  periods  (due  to  viscous 
drag)  and  can  undergo  rapid  dissolution  in  the  body.  From  PHalcn  (1972). 
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MINUTES 


l-igurc*  4.  Dissolution  of  metallic  silver  particles  (count  median  diameter  = 
0.03  itm)  in  various  aqueous  media  given  as  MS01  dissolved  per  cm®  of  par- 
ticle surface  for  various  times  up  to  120  minutes.  Gamble’s  interstitial  fiui 
recipe  with  and  without  protein  (bovine  albumin)  and  disi.1T  I water  were  use 
ITie  increased  rate  of  dissolution  with  protein  present  is  proc.ibly  due  to  the 
binding  of  silver  ions  to  proteins.  The  silver  particles  used  in  this  study  ar 
shown  in  Figure  3.  From  Hialen  (1972). 
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On  the  basis  of  the  dissolution  rate  found  in  the  protein  containing  fluid, 
Mercer’s  model  predicts  that  these  silver  particles  should  essentially  com- 
pletely dissolve  in  Uie  lung  in  about  48  hours  (Phalen,  1972).  Systemic  tox- 
icants cart  be  expected  to  be  more  rapidly  dissolved  and  hence  more  hazardous 
when  deposited  in  the  lung  as  small  particles. 

(d)  Other  Size  Dependent  Factors 

Aside  from  the  influence  of  particle  size  on  magnitude  and  dis- 
tribution of  dose,  deposition  patterii  and  dissolution  rate,  there  are  other  size- 
related  factors  that  may  bear  on  toxicity.  An  optimal  particle  size  of  1.5  jim 
for  efficient  uptake  or  polystyrene  spheres  by  macrophages  was  suggested  by 
Holma  (i967).  Holma  (1967)  gave  an  upper  limit  of  8 /im  diameter  for  phago- 
cytic uptake.  Hie  question  of  relative  efficiency  of  uptake  by  macrophages 
of  the  lung  for  particles  in  the  respirable  size  range  (about  0.01  to  10  pm)  is 
worthy  of  further  investigation. 

The  permeability  Of  alveolar  membranes  to  bare  particles  has 
been  reported  by  Gross  and  Estrick  (1954)  and  more  recently  by  Tucker  et  ah 
(1973).  In  the  earlier  study  rats  were  given  small  cat  bon  particles  (<0. 2 pm) 
bv  intratracheal  injection.  Nineteen  hours  later  the  particles  were  found  ex* 
traceilularlv  in  interstitial  spaces;  considered  by  the  authors  to  be  proof  Of 
membrane  penetration  by  bare  particles,  in  Tucker's  experiments  carmine 
particles  ranging  from  about  5 pm  down  to  below  0.05  pm  in  diameter  were 
inhaled  by  rats.  At  3 hours  post  inhalation,  microscopic  examination  revealed 
"small  aggregates,  up  to  cell  size"  in  the  extracellular  interstitial  spaces. 
Particulate  material  in  the  irtterstitium  would  presumably  either  remain,  dis- 
solve, undergo  transport  to  lymphatic  or  blood  vessels  or  return  to  the  res- 
piratory airway.  Hie  presence  of  interstitial  foreign  material  for  prolonged 
periods  may  lead  to  lung  diseases.  'Hie  role  of  particle  size  in  membrane 
penetration  is  not  yet  well  understood. 


SUMMARY 

'ITie  particle  size  distribution  of  inhaled  aerosols  is  a factor  in  pul- 
monary toxicity  for  several  reasons.  Among  those  discussed  are  the  relation- 
ship between  particle  size  and  amount  of  toxic  agent  per  particle,  the  influence 
of  aerodynamic  and  real  size  on  the  regional  deposition  within  various  anatom- 
ical regions  of  the  respiratory  tract  and  the  effect  of  both  deposition  site  and 
particle  size  per  se  on  clearance  kinetics.  The  role  of  particle  size  in  the 
assessment  of  environmental  hazards  is  one  that  is  increasingly  being  realized 
as  important. 
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